We examined the immunogold staining of microtubules and microtubule organizing centers using an improved silverenhancement reagent for small (1-1.4 nm) gold-conjugated secondary antibodies. First, the staining properties of M e rent commercial preparations of gold-labeled antibodies were compared for sample penetration, label uniformity, and labeling density, and Nanogold 1.4-nm gold-conjugated F(ab') was found to be superior to the other probes examined. However, in samples examined for the localization of aand B-tubulin, gold staining did not extend through the pericentriolar material nor were the centrioles labeled. This apparent lack of centrosomal staining was not due to problems associated with penetration of the antibody probes, since staining adjacent to and within the centriolar cylinder was observed when phosphoprotein antigens recognized by the MPM-2 antibody were localized. The MPM-2 antibodies also localized to mitotic kinetochores, kinetochore fibers, and midbodies, in addition to mitotic centrosomes. The level of MPM-2 staining of the centrosome varied through the cell cyde. At interphase, this staining was restricted within the centriolar cylinder, whereas in mitotic cells extensive staining throughout the pericentriolar material was also observed.
Introduction
Little is known regarding the molecular composition of the centrosome and other microtubule organizing centers. However, a number of protein components of these organelles have recently been identified using immunological techniques (for review see Vandr6 and Borisy, 1989) . The ultrastructural localization of most of these antibody reagents has not been reported. Two recent reports have described the immunogold localization of the centrosome-associated protein centrophilin (Tousson et al., 1991) and of antigens related to the basal body protein centrin (Moudjou et al., 1991) . In addition, recent genetic approaches have identified an additional tubulin gene designated y-tubulin (Oakley et al., 1989) , and this protein has been localized to the centrosome by both immunofluorescence microscopy Uoshi et al., 1992; Zheng et al., 1991) and immunogold staining (Stearns et al., 1991) . For each of these proteins, immunogold staining of the centrioles was not observed, nor did the gold particles penetrate deeply into the surrounding pericentriolar material. Similarly, immunogold labeling of a-tubulin antibodies using colloidal gold-labeled secondary antibodies has also failed to stain the centrioles (Geuens et al., 1986) , although the centrioles are clearly composed of microtubules. The apparent lack of centriolar or pericentriolar staining may be due to the absence of the particular antigen of interest or to masking of antigenic sites within the complex structure of the centrosome. Alternatively, the lack of staining may be due to the limited penetration of goldlabeled secondary antibodies into the dense structural matrix of the centrosome, as has been suggested (Stearns et al., 1991; Geuens et al., 1986) .
Use of small 1-nm gold-conjugated probes may alleviate some of the potential problems associated with gold-labeled antibody penetration (Ellis et al., 1988) . However, the use of such small gold particles requires that they be enhanced with silver for visualization in embedded material. Techniques have been developed for the visualization of microtubules in tissue culture cells with a 1-nm gold-labeled antibody (Merdes and DeMey, 1990) , but specific centrosomal or centriolar labeling was not described. In our preceding report (Burry et al., 1992) , we describe the development of a more reliable silnr-enhancement reagent and compare the properties of 1-nm colloidal gold-labeled antibodies (AuroProbe One; Amer-V A N D~, BURRY sham, Arlington Heights, IL) and 1.4-nm gold-conjugated antibodies (Nanogold; Nanoprobes, Stony Brook, NY) (Hainfeld and Furuya, 1992) using a new N-propyl gallate (NPG)-based enhancement solution. We report here the properties of this new silver-enhancement reagent using different small gold-labeled secondary antibodies for the localization of cytoskeleton-associated proteins in tissue culture cells. In particular, we examined the degree of centrosomal staining that could be achieved with aand P-tubulin antibodies and an antibody previously demonstrated to localize to centrosomes by immunofluorescence staining, i.e., the MPM-2 antibody (Davis et al., 1983) .
The MPM-2 antibody recognizes a subset of mitotic phosphoproteins of which some are phosphoprotein components of mitotic microtubule organizing centers. Immunofluorescence localization has shown that MPM-2-reactive proteins are localized not only to centrosomes but also to kinetochores and midbodies (VandrE et al., 1984) . Recently, a phosphorylated form of the microtubuleassociated protein MAP-4 present in isolated taxol-stabilized spindles was identified as an MPM-2-reactive protein (VandrE et al., 1991) . Whereas initial attempts to localize the MPM-2 antibody in isolated spindle preparations with large 10-20-nm colloidal goldconjugated secondary antibodies were unsatisfactory (VandrE, unpublished results), we report here that immunogold localization of the MPM-2 antibody with small gold probes demonstrates specific centrosomal staining. This staining was present throughout the pericentriolar material and within the interior of the centriole in mitotic tissue culture cells. In contrast, aand P-tubulin was not localized to the pericentriolar material or the centrioles. These results demonstrate that a much higher degree of structural penetration can be obtained with 1.4-nm gold-conjugated antibody probes than has been previously reported with other gold-labeled antibodies, suggesting that the lack of centrosomal staining obtained with anti-tubulin antibodies is not due to failure of the antibody probes to penetrate into the centrosome.
Materials and Methods
Cell Culture. LLC-PK cells were maintained in monolayer culture at 37°C in a 5% CO2 atmosphere. Cells were grown in DMEM medium supplemented with 10% fetal calf serum, penicillin (100 U ml-l), streptomycin (0.1 mg ml-'), and 20 mM HEPES buffer. Cells were subcultured onto glass coverslips or 35-mm plastic tissue culture dishes 24-48 hr before fixation and preparation for immunogold staining.
Immunocytochemistry. Cells were rinsed with PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgS04). pH 6.9, for 30 sec. Samples were fived in PHEM buffer containing 0.7% glutaraldehyde for 15 min and then lysed for 15 min in PHEM buffer containing 0.5% Triton X-100. After lysis, cells were rinsed in three changes of PBS, pH 7.4, over 15 min. and unreacted aldehyde groups were reduced by two changes of NaBN (1 mg ml-1 in Tris-buffered saline, pH 7.4) over 30 min. Before antibody incubations, cells were incubated in three changes of PBS with 1% normal goat serum, 0.1% saponin, 50 mM glycine, 0.1% fish skin gelatin, 1 mg ml-1 bovine serum albumin, and 0.02% NaN3 (PBY) (Burry et al., 1992) over 30 min. For primary antibody incubations, samples were incubated with anti-tubulin antibodies [an equal mixture of clone DMlA and DMlB (1:250) (Amersham) or MPM-2 (1:500 dilution of ascites fluid, from Dr. Potu Rao)] for 60 min at 37'C. After three rinses in PBS", cells were incubated in a k50 dilution of AuroProbe One goat anti-mouse (Amersham), Nanogold anti-mouse IgG or F(ab') (Nanoprobes) for 60 min at 37'C.
After three rinses in PBS+ and three rinses in PBS. samples were post-fixed in 1.6% glutaraldehyde and further processed for NPG silver enhancement as described in detail in the preceding report (Burry et al., 1992) . After osmication for 30 min in 0.1% 0~0 4 , samples were rinsed, dehydrated. and flat-embedded in Epon. Semi-thick sections (0.2 pm) were examined on a Philips CM-12 with an La& filament at 80 kV. Samples examined for electron microscopy were developed for 5 min in the silver-enhancement reagent, while those used for light microscopy were developed for 8-10 min. In some cases, cells were lysed in PHEM buffer containing 0.5% Triton X-100 for 90 sec before glutaraldehyde fixation. All primary and secondary antibody dilutions were made in PBS+.
For tertiary indirect immunofluorescence staining of gold-labeled secondary antibodies, samples were prepared as above except that after the N a B h reduction step cells were incubated in PBS containing 4% normal rabbit serum for 30 min at 37°C before the antibody incubations. After the primary anti-tubulin or MPM-2 monoclonal antibodies and the secondary gold-labeled goat anti-mouse antibodies, cells were rinsed in PBS and incubated with a 1:40 dilution of tertiary fluorescein-conjugated rabbit anti-goat antibody (Kirkegaard & Perry Laboratories; Gaithersburg, MD) for 30 min at 37'C. All antibody dilutions were made in PBS containing 4% normal rabbit serum. Cells were mounted in Mowiol mountant (0.1 M Tris-HC1, pH 8.5, containing 10% Mowiol and 25% glycerol (wlv) with 1 mg m1-I p-phenylenediamine as an anti-bleaching agent), and were examined with a Zeiss IM-35 microscope and photographed with Kodak T-MAX 400 ASA film. Immunogold-stained samples were examined at the LM level by brightfield microscopy.
Results
The properties of different colloidal gold and gold-conjugated antibody preparations were examined using microtubules, a welldefined cytoskeletal system, as the standard for comparison. The spindle microtubule staining is shown in Figure I by indirect immunofluorescence using a multiple antibody sandwich or by silver enhancement. To ensure that the gold-labeled secondary antibodies were binding to microtubules, their presence was detected with an additional or tertiary fluorescein-conjugated rabbit anti-goat antibody ( Figures 1A-IC ). This tertiary staining procedure was independent of the silver enhancement normally required to visualize the small gold-labeled secondary antibodies. When fluorescence was used to detect the distribution of the gold-labeled antibody preparations, AuroProbe One, a 1-nm gold particle-labeled IgG ( Figure IA) , Nanogold 1.4-nm gold conjugated to IgG (Figure lB) , and Nanogold 1.4-nm gold conjugated to F(ab) (Figure lC ), all labeled spindle microtubules with equal intensity. However, when similarly prepared samples were silver-enhanced with the NPG reagent to detect the gold-labeled antibody, differences became apparent. Both of the Nanogold antibody preparations (Figures 1E and IF) showed strong staining of the spindle microtubules, with additional staining along the astral fibers (Figures 1E and lF, arrowheads) . In contrast, the degree of staining obtained with the silver-enhanced AuroProbe One ( Figure ID) was not as great as either Nanogold antibody sample, and astral fiber staining was difficult to distinguish ( Figure ID, arrowheads) . These results indicated that the AuroProbe One may contain unconjugated antibody that competed with and effectively reduced the amount of goldlabeled antibody that could bind and subsequently be detected after silver enhancement.
The differences between the antibody probes were also examined after embedment of the samples and examination of sections Light micrographs comparing the labeling of spindle microtubules by different gold-labeled antibody probes as detected by indirect immunofluorescence or silver enhancement. LLC-PK cells were incubated with primary anti-tubulin antibody (clone DMlA and DM1 B) followed by the secondary gold-labeled antibodies (A,D) AuroProbe One. (B, E) Nanogold IgG, or (C,F) Nanogold F(ab'). The secondary antibodies were detected by indirect immunofluorescence after incubation with a tertiary fluoresceinconjugated antibody (A-C) or by silver enhancement (D-F). The indirect immunofluorescence staining was similar for all three secondary probes. However, the Auroprobe One sample did not show comparable staining when detected by silver enhancement. These staining patterns Suggest the presence of unlabeled secondary antibody in the AuroProbe One sample. Bar = 10 pm.
with the electron microscope ( Figure 2 ). To maximize the accessibility of the gold-conjugated antibodies, samples were detergentlysed before fixation and processing (Figures 2A and 2B ). The number of particles along microtubules obtained with the Nanogold ( Figure 2B ) was greater than that obtained with the AuroProbe One ( Figure 2A ). The silver-enhanced particles also showed a smaller size distribution in the Nanogold sample ( Figure 2B ) than the comparable AuroProbe One sample (Figure 2A ), although both samples were developed for the same period of time. In each case label was detected along the spindle fibers, but was not specifically associated with the centrioles. When samples that had been detergentlysed before fixation ( Figure 1B) and those detergent-lysed after fixation ( Figure IC) were compared, both the degree and the localization of labeling obtained with the Nanogold gold-conjugated F(ab) were similar, and in neither example were the centrioles labeled. A greater degree of ultrastructural preservation was apparent in the samples fixed before lysis ( Figure IC ). Since detergent lysis before fixation did not enhance the penetration of the Nanogold F(ab'), all further experiments utilized cells fixed with glutaraldehyde before detergent lysis to improve ultrastructural preservation.
Having established suitable conditions for the analysis of cytoskeletal structures, we examined the localization of phosphoproteins known to be associated with mitotic microtubule organizing centers, using the MPM-2 monoclonal antibody as the primary antibody and the different gold-labeled secondary antibody probes. Again, the silver-enhanced gold-labeled antibodies were examined at the light microscopic level (Figure 3 ) before more VANDR& BURRY . . detailed examination with the electron microscope. In each example, the staining intensity of the mitotic cytoplasm was much greater than the staining observed in the cytoplasm of adjacent interphase cells (Figures 3B and 3C, arrowheads) . This is consistent with previous results of immunofluorescence staining with the MPM-2 antibody, which showed that the mitotic cytoplasm fills with soluble MPM-2-reactive material at the time of nuclear envelope breakdown (VandrE et al., 1984) . As was shown with the anti-tubulin, the staining of the mitotic spindle obtained with AuroProbe One ( Figure 3A) was not as intense as that observed with either of the Nanogold antibodies ( Figures 3B and 3C ). Both Nanogold samples, IgG-labeled Nanogold ( Figure 3B ) and F(ab)-labeled Nanogold ( Figure 3C ), showed silver-enhanced staining similar to the immunofluorescence localization of the MPM-2 antibody in samples fixed with glutaraldehyde before detergent lysis (VandrE et al., 1984) . In addition, discrete centrosomal and spindle fiber staining was observed through the generalized mitotic cytoplasmic staining. Thus, the localization of the Nanogold gold-conjugated antibodies correlated with the localization of the MPM-2 antibody as detected by conventional indirect immunofluorescence techniques, and similarly prepared samples were then examined by electron microscopy.
The localization with electron microscopy of the MPM-2 antibody by the Nanogold gold-conjugated F(ab) is shown in Figure  4 . At prophase ( Figures 4A-4C ), a higher concentration of silver grains was located within the nucleus as compared with the cytoplasm. Several discrete clusters of silver particles were associated with the condensed chromosomes ( Figure 4A. arrowheads) , and a pair of these clustered silver particles was often found on opposite sides of an individual chromosome. Higher magnification of these structures indicated that the kinetochores were specifically stained ( Figures 4B and 4C) . The rare example shown in Figure  4B shows one kinetochore in cross-section (arrow), while the other -. -% L I a . Figure 2 . Electron micrographs comparing the spindle microtubule staining of different silver-enhanced small gold-labeled antibodies. Samples were labeled with either (A) AuroProbe One or (B,C) Nanogold F(ab'). To maximize accessibility of the gold-labeled probes to the spindle microtubules, cells were extracted with 0. 5% Triton X-100 before fixation (A.B) . Whereas both gold-labeled antibodies decorated spindle microtubules, neither antibody stained the centrioles. In general, the Nanogold F(ab') antibody gave a higher density of particles, smaller particle diameter, and more uniform labeling than the corresponding AuroProbe One. Cells fixed before detergent permeabilization (C) showed bet-kinetochore appears to be seen en face (arrowhead). The gold particles appeared to obscure the trilaminar plate structure of the kinetochore, but the structural integrity of the kinetochore was poorly preserved after detergent extraction of the cells. Therefore, at this time we cannot determine whether the MPM-reactive phosphoproteins are components of the trilaminar plate, subjacent centromeric regions, or the fibrous corona associated with the kinetochore. The MPM-2 localization in a pro-metaphase cell is shown in Figures 4D-4F . Staining of the kinetochores was again readily apparent. Both of the kinetochores associated with some chromosomes were captured within the thickness of the section, as indicated by the paired clusters of silver particles (Figure 4D , arrowheads). The centrosome was also heavily labeled, and the density of the silver particles nearly obstructed the centrioles ( Figure  4D, arrow) . Discrete localization of MPM-2-reactive phosphoproteins to the spindle fibers was not readily apparent in this pro-metaphase cell. Figure 4E shows microtubules running towards and ending ter ultrastructural preservation than cells extracted before fixation (A,B) . as shown by the presence of mitochondria and uniform cytoplasmic background. Similar labeling intensity, uniformity, and penetration were also obtained with the Nanogold F(ab') regardless of whether the cells were extracted before (B) or after (C) fixation. Bars = 2 vm.
Figure 3. Light micrographs comparing the MPM-2 localization in mitotic cells with different small gold-labeled secondary antibody probes after silver enhancement. (A) AuroProbe One-labeled mitotic cells had a greater staining density than neighboring interphase cells, but specific labeling of the spindle fibers or centrosome was difficult to detect. Both Nanogold IgG (E) and Nanogold F(ab') (C) gold-labeled antibodies stained the mitotic cells heavily, while the cytoplasm of adjacent interphase cells did not label (E.C, arrowheads). Specific spindle
fiber and centrosomal (E.C, arrows) staining was also apparent in the Nanogoldlabeled samples. The Nanogold F(ab') staining (C) was slightly more intense than the Nanogold IgG staining (E). Bar = 10 pm.
where a cluster of silver-enhanced particles marks the MPM-reactive kinetochore. An example of a paired kinetochore labeled by the MPM-2 at pro-metaphase is shown in greater detail in Figure 4F . At metaphase, specific localization of MPM-2 to kinetochores ( Figure   4G , arrowheads), the centrosome ( Figure 4G , large arrow, and Figure 41) , and kinetochore fibers ( Figure 4G , small arrows) was apparent. In comparison to the kinetochore staining observed in the prophase (Figures 4B and 4C ) and pro-metaphase cells ( Figures 4E  and 4F) , the kinetochores of the metaphase cell did not appear to be as densely labeled ( Figure 4H ). The density of kinetochore labeling was further reduced in anaphase cells (data not shown), indicating the loss of MPM reactivity or dephosphorylation of kinetochore components in later mitotic stages. The centrosome at metaphase was heavily labeled (Figure 41) , with the majority of the staining associated with the pericentriolar material. Of interest, however, was the localization of MPM-2-reactive material both adjacent to the centriole walls and within the cylinder of the centriole. The MPM-2 staining pattern contrasted with the lack of centrosomal staining observed with the anti-tubulin antibodies.
Centrosomal profiles were examined to determine if the differences in staining between the MPM-2 and tubulin antibodies were maintained throughout the cell cycle ( Figure 5 ). Centrioles were examined from interphase ( Figures 5A and SE) , prophase ( Figures  5B and SF) , metaphase ( Figures 5C and 5G ). and anaphase cells ( Figures 5D and SH) . When stained for a-and b-tubulin, only occasional silver-enhanced gold particles were associated with the centrioles in the samples stained for tubulin ( Figures SA-5D ). This lack of staining was not alleviated by detergent lysis before fixation, as seen by the absence of centriolar staining regardless of whether the samples had been lysed with detergent after (Figures SA and 5C) or before ( Figures 5B and 5D ) aldehyde fixation. It was also unlikely that the primary or secondary antibodies were stearically hindered from penetrating to the centriole, since centrioles were clearly labeled by the MPM-2 antibody ( Figures SE-5H) .
A low level of MPM-2 staining in interphase centrioles was primarily localized to the interior of the centriole (Figure 5E ). Although the number of centrioles in this cell was abnormal, it illustrates typical examples of cross-sectional and longitudinal centriolar profiles obtained from other interphase cells. In this 0.15-pm semithick section, four centrioles are present. Most of the label is localized within the centriolar cylinder in the three centrioles cut by the plane of the section (Figure 5E) . The staining of the fourth centriole was clustered at one end, but label was absent from the outer wall of this centriole (Figure SE, arrowhead) . At prophase, the triplet microtubules of the centriole were clearly visible in this centriole ( Figure SF) , and the amount of MPM-2 label had increased significantly in comparison with the interphase centrioles ( Figure  5E ). Particles were found within the centriolar cylinder, but in addition label was closely associated with the outer walls of the centrioles. At metaphase ( Figure 5G ). the maximal level of staining was observed, and the centrioles were surrounded by label that ncarly obscured the obliquely sectioned centriole. The localization of label correlates with the expansion of the pericentriolar material during mitosis, as has been reported previously (Reider and Borisy, 1982; Vorobjev and Chentsov, 1982) . At anaphase ( Figure 5H ), silverenhanced gold particles still surrounded the centrioles and label was also found within the centriolar cylinder. However, the density of the particles, and therefore the amount of MPM-2-specific label, had decreased in comparison with the metaphase sample. Most of the label was associated with the centriole cut in cross-section which, owing to the orthoganol relationship of the centriole pair. kinetochores (D, arrowheads) , as well as with the centrosome (D, arrow). An example of a single kinetochore with microtubules ending where the silver-enhanced particles are clustered is seen at higher magnification in E, and a kinetochore pair associated with a single chromosome is shown in F. (0) At metaphase, staining of the kinetochores (arrowheads), centrosome (large arrow), and kinetochore fibers (small arrows) was evident. (H) At higher magnification, it was apparent that the number of silver-enhanced particles associated with the kinetochores was less than that observed with either prophase or pro-metaphase kinetochores. (I) Also at higher magnification, it was clear that silver-enhanced particles were associated with both the pericentriolar material and the centriole . Bars: A,D,G = 2 Nm; B,C,E,F,H,I = 25 pm.
is defined as the parent centriole. Therefore, the heavier labeling of the parent centriole (see also Figure 5E ) reflects the preferential association of the MPM-reactive phosphoproteins with the parent centriole.
The midbody, like the centriole, is a microtubule-containing structure that may be difficult to label efficiently with gold-labeled antibody probes. In addition, the MPM-2 antibody has also been shown to localize to the midbody of telophase cells by indirect immunofluorescence staining (VandrE et al., 1991; VandrE et al., 1984) . Therefore, midbody staining was also examined using the different gold-labeled antibody probes in conjunction with the tubulin and MPM-2 antibodies (Figure 6 ). To maximize tubulin labeling with the AuroProbe One ( Figure 6A ), cultures were incubated with antibody overnight at 4°C before silver enhancement. Microtubules were heavily labeled, but labeling density quickly fell off at the narrow neck of the midbody indicated by the arrows in Figure 6A . Microtubules of the midbody were also heavily stained when labeled with Nanogold F(ab) for 1 hr at 37°C ( Figure 6B ). However, although the intensity of microtubule label decreased at the neck of the midbody (Figure 6B, arrows) , significant label extended beyond this point and was present up to the position of the electrondense central midbody core. MPM-2 staining with the Nanogold F(ab) (Figure bC) , was also present along the microtubules of the midbody, and peneuated at least as far as the tubulin staining with the same gold-labeled antibody. The other cytoplasmic microtubules were not labeled by the MPM-2 antibody in telophase cells (data not shown), indicating the presence of a specific phos-phorylated microtubule-associated protein associated with the midbody.
Discussion
Immunogold staining techniques have been developed for the ultrastructural localization of a variety of intracellular antigens, and one of the initial applications was in the detection and visualization of microtubules (DeMey et al., 1981) . Typically, these studies were based on the direct visualization of colloidal gold-labeled secondary antibodies, but this required the use of gold particles between 5-20 nm in diameter. In comparison with 10or 20-nm gold particles, it was shown that greater sample peneuation was achieved with 5-nm gold particles. Therefore, for optimal sample penetration and maximal precision of labeling, the size of both the gold particle and the specific antibody probe should be minimized. To meet these criteria, smaller gold particles on the order of 1-nm in diameter have been introduced, but visualization of these small particles requires the use of gold-catalyzed silver reduction or silver enhancement. Several problems have been associated with existing silver-enhancement reagents and small gold-labeled antibody preparations, including poor ultrastructural preservation and/or irregular silver enhancement of the gold particles (Lah et al., 1990) , dissociation ofthe colloidal gold from gold-labeled antibody preparations (Kramarcy and Sealock, 1990) , and the presence of protein-gold aggregates in small 1-nm gold Preparations (Hainfeld, D,H) . Silver-enhanced particles were only rarely observed on or close to the centriole when samples were stained with tubulin antibodies. (ED) Even in samples extracted with detergent before fixation to maximize penetration, centriolar staining was absent. Tubulin localization to the expanded pericentriolar material in (C) metaphase and (D) anaphase was also not detected. This was in sharp contrast to the staining of centrosomes by the MPM-2 antibody. (E) At interphase, labeling was observed within the centriolar cylinder in those centrioles cut by the plane of the section. Particles were mostly absent from the surface of the centriole not cut by the section plane, but were clustered at one end (arrowhead). (F) The particle density surrounding the centrioles increased at prophase with the ihitial expansion of the pericentriolar material and reached a maximum level by metaphase (G) in MPM-2-stained cells. (H) The particle density was diminished at anaphase. In many cases, more particles were often associated with one of the two centrioles as shown in F and H, reflecting preferential staining of the parent centriole. In all of the mitotic cells, MPM-2 staining was found surrounding the centrioles as well as within the wntriolar cylinder. Since the MPM-2 antibody is clearly localized to the pericentriolar material and the centriole, this indicates that the lack of tubulin staining of these structures was not primarily due to antibody reagent penetration or accessibility. Bars: A-D,G,H = 0.5 pm; E,F = 0.25 pn. 1990). Each of these factors may contribute to a loss in the overall quality of the immunogold staining.
We have compared the staining properties of three commercially available small gold-labeled antibody preparations, i.e., AuroProbe One, Nanogold 1.4-nm IgG, and Nanogold 1.4-nm F(ab), using an improved silver enhancement reagent (Burry et al., 1992) . As a standard for comparison, tubulin immunolocalization was examined. Light microscopyaf silver-enhanced samples demonstrated that either of the Nanogold reagents routinely yielded better staining of microtubules than that obtained with AuroProbe One. However, when similarly prepared samples were examined by indirect immunofluorescence with a multiple antibody sandwich using a tertiary fluorescein-conjugated antibody, labeling was not necessarily dependent on the presence of gold-labeled antibody and no qualitative difference could be detected between the three gold-labeled antibody samples. One explanation for these results is the possibility that gold may have dissociated from the AuroProbe One reagent, leaving a significant amount of unlabeled antibody in the preparation, as has been reported for other colloidal gold-labeled antibody preparations (Kramarcy and Sealock, 1990) . Alternatively, the differences in labeling intensity may reflect differences in reactivity of the gold particles between the . . . . . . :. F(ab') (A,& arrows) . Midbody microtubules were also labeled by the MPM-2 antibody with the Nanogold F(ab'). and this staining also extended well into the central core of the midbody (C). Bars: A = 2 pm; B,C = 1 pm.
AuroProbe and Nanogold under the conditions used here. In total, three different batches of AuroProbe One gave similar results.
At the ultrastructural level, differences in microtubule staining were also apparent when the commercial gold-labeled antibody preparations were compared. Although all the samples were enhanced for the same length of time, the AuroProbe One-labeled sample showed a greater distribution of particle sizes, in general larger particles, and a lower particle density than the corresponding Nanogold labeled samples as reported in Burry et al. (1992) . The heterogeneity of particle size in the AuroProbe One-stained sample may reflect an amplification during silver enhancement of differences in the size distribution of the gold particles used to label the antibodies, which has been reported to range from 1-3 nm, and also in antibody aggregation (Hainfeld, 1990) . The more uniform labeling of microtubules with the Nanogold preparations may be a result of the greater stability, size uniformity, and lack of aggregation reported for antibodies having a covalently attached 1.4nm gold particle (Hainfeld and Furuya, 1992) . Only after a more extended incubation with the AuroProbe One antibody before silver enhancement was a more uniform labeling of microtubules obtained ( Figure 6A , and data not shown) similar to that reported by Merdes and DeMey (1990) .
Whereas microtubules were clearly stained, centrioles were not labeled by any of the gold-labeled antibody preparations used, regardless of whether the sample had been detergent-extracted before fixation. From the results obtained with the anti-tubulin antibodies alone it could be argued that the small gold-labeled antibody probes were not capable of penetrating into the dense structural matrix of the centrosome. However, silver particles were obtained within the centriolar cylinder in samples stained for the localization of the MPM-2 antibody. Therefore, the primary antibodies to a-and P-tubulin probably had access to the pericentriolar material and the interior of the centriolar cylinder as well. This lack of pericentriolarstaining may reflect the abundance ofy-tubulin in this region of the centrosome Uoshi et al., 1992; Stearns et al.. 1991; Zheng et al., 1991) and a corresponding lack of a-and P-tubulin. Confirmation of this awaits the immunogold localization of y-tubulin with techniques similar to those reported here. The failure of the anti-tubulin antibodies to be localized to the centriole may be the result of tubulin antigenic sites being masked by centriole-associated proteins, failure of the primary andlor secondary antibodies to penetrate to the walls of the centriole, or tubulin isoforms not recognized by the anti-tubulin antibodies used for this study as structural components of the centriole.
For localization of the MPM-2 antibody, the differences between the gold-labeled antibody probes were similar to those seen for the localization of tubulin. The Nanogold reagents showed a distribution more similar to that previously observed for MPM-2 by immunofluorescence (Vandre et al., 1984) than the AuroProbe One. Only the Nanogold samples demonstrated specific localization of the MPM-2 antibody to the centrosome and kinetochores when samples were examined by electron microscopy. In view of these results, it seems beneficial in most cases to verify the distribution of an antigen with small immunogold reagents after silver enhancement at the LM level before extensive examination of its ultrastructural distribution.
The ultrastructural localization of MPM-2-reactive phosphopro-
